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Keywords Ovarian hormones, beta-cell, hypertrophy, pancreatectomy, OLETF rat. duction [4] and acting synergistically with insulin to increase glucose uptake into cells [5, 6] . An important remaining issue is the effects of ovarian hormones on beta cells per se, particularly, with respect to alteration in beta-cell mass, since this alteration is a major determinant of the quantity of insulin which is secreted and ordinarily varies, depending on the degree of diabetogenic factors, such as obesity and insulin resistance which are present [7] . Only a few studies have examined these effects. In addition, the extent to which ovarian hormones protect diabetes through such alterations is largely not known. In a recent study, we reported the failure of pancreatic beta-cell proliferation in male OLETF rats, induced by a 70 % pancreatectomy [8] , as a cause of sustained hyperglycaemia. This may represent a critical pathogenetic event prior to the onset of overt diabetes. In conjuction with this, it would be interesting to determine if the loss of endogenous ovarian hormones by Ox contributes to this defect in beta-cell proliferation in the female OLETF rats, and, if so, whether this defect can be reversed by ovarian hormone replacement. To clarify the effects of ovarian hormones on beta cells per se, we report a study using partially pancreatectomized (Px) female OLETF rats with or without an early Ox, along with their diabetes-resistance counterpart (LETO) female rats as normal controls. The study is an examination of the effects of ovarian hormones on beta cells per se by comparing changes in blood glucose, plasma insulin concentration, beta-cell labelling index (LI) and beta-cell mass.
Materials and methods
Animals. Female OLETF and their diabetes-resistance counterpart LETO rats, aged 4 weeks, were obtained from the Tokushima Research Institute, Otsuka Pharmaceutical Co. and were maintained in our animal facilities under specific pathogen-free conditions (Institute of Animal Experimentation, Tokushima University). The temperature (21 ± 2°C), humidity (55 ± 5 %) and lighting (07:00±19:00 h) were all strictly controlled. The animals were supplied with water ad libitum and standard rat chow (Oriental Yeast, Tokyo, Japan).
Experimental design. Experiments were carried out using two protocols. Protocol I was performed on rats at 6 weeks of age, in which all female rats were allocated at random to two groups, partial pancreatectomy (Px) and sham-pancreatectomy (sham), along with LETO female rats as normal controls. Each group was divided into 2 subgroups, based on the date of killing after surgery, a 7-day group and a 28-day group. For Protocol II, all female OLETF rats were castrated by Ox under sodium pentobarbitone anesthesia at 5 weeks of age. A week later (6 weeks of age), they randomly received either a partial Px or a sham. The Px rats were divided into three subgroups (I, II and III), based on the treatment received after surgery. The animals from groups I and II were treated with subcutaneous replacement doses of either estradiol valerate at 50 mg/kg BW at 48 h intervals (Shering Japan, Tokyo, Japan) or testosterone enanthate at 1 mg/kg BW, at weekly intervals (Shering Japan, Tokyo, Japan). Bioactivity of the hormone product used here and the relative insensitivity of the strain of the rats to the product dictated the dosage and the protocol of administration. The animals from group III and the sham subjects received an equal volume of vehicle only (no hormone). Injections were initiated on day 3 after surgery and continued until 1 week prior to killing. 70 % pancreatectomy. After an overnight starvation, the animals were anesthetized with ether and given additional ether, if required, during surgery. All pancreatic tissue was removed by gentle abrasion with cotton applicators, except for the anatomically well-defined remnant bordered by the branch of the hepatic portal vein and the first portion of the duodenal loop. The sham operation was performed by disengaging the pancreas from the mesentery and gently rubbing it between the fingers. All operations were performed by one person, whose surgical technique was well controlled, and as a result, the samples of the removed segments from each group gave an expected coefficient variation of 10 % or less. At that time (6 weeks of age), the remnant equivalent of the pancreas constituted 29.6 ± 2.3 % (n = 6) of the total pancreatic weight in the female OLETF rats and 30.1 ± 3.1 % (n = 4) in the female LETO rats. During the first week after surgery, body weight and non-fasting blood glucose concentrations were measured daily at 16.00±17.00 hours and thereafter once per week at the same time of day.
Tissue processing. At each experimental time point, the animals were starved overnight, and killed under deep anesthesia, except for the 7-day group, which were intraperitoneally injected with bromodeoxyuridine (BrdU, Boehringer Mannheim GmbH, Mannheim, Germany) dissolved in phosphate-buffered saline, at a dose of 100 mg/kg BW 4 h before being killed [9] . The abdomen was quickly opened, and blood was withdrawn from the aorta for determination of immunoreactive insulin (IRI). Each pancreas or Px remnant was excised and cleared of extraneous lymph nodes and fat. The pancreata from the sham rats were divided into two portions, the remnant equivalent and the remainder of the pancreas. The remnant equivalent is that portion of the pancreas with the same anatomical boundaries as the remnant left in the 70 % Px rats. Individual tissue samples were then weighed and cassetted in identical anatomic orientations, and then placed in Bouin's fixative. After fixation, the tissues were embedded in paraffin according to standard protocols.
Assay. Blood samples were obtained by tail snipping, and nonfasting blood glucose values were determined using the glucose oxidase method (Toecho Super, Kyoto Daiichi Kagaku Co., Ltd., Kyoto, Japan). Plasma IRI measurement was determined by a commercially available IRI kit (Eiken Kagaku Co., Tokyo, Japan) with rat insulin (Novo, Bagsvared, Denmark) as a standard.
Quantitative morphometrics. Four sets of three serial sections (3±5 mm thick) were obtained at intervals of about 250 mm. The sections were first deparaffined, and then immunostained using commercial ABC kits (Amersham, UK) for insulin and BrdU-insulin double immunostaining studies. The primary antibodies used were polyclonal anti-porcine insulin antibody (1:400, Dako Carpinteria, CA, USA) and monoclonal antiBrdU antibody obtained from a cell proliferation kit (Amersham, Arlington Heights, Ill., USA). The sections intended for the double-labelling study were first immunostained for BrdU and developed with 3,3 ¢-diaminobenzidine. The same sections were then stained for insulin and visualized by an al-kaline phosphatase substrate (Vector Red, Vector Laboratories Inc., Burlingame, CA, USA) as the chromogen. Using Weibel's point-counting morphometrics [10] , the relative volumes (%) of beta cells and total islets cells were quantitated at the original 200 magnification on a monitor screen using an Olympus microscope connected to a colour video camera and an image analysis system. Starting at a random point, in one corner of the section, the relative volumes (%) of beta cells and total islet cells were scored in every other field using a 96-point grid with a minimum of 9600 points in 100 fields counted per tissue block. The relative volumes of both beta cells and total islet cells were calculated as the number of intercepts over that relevant tissue as a proportion of the total counts over pancreatic tissue. The intercepts over blood vessels, fat, ducts or interlobular spaces were subtracted to give the total pancreatic counts. To obtain absolute mass (mg), the relative volume (%) for each pancreatic portion was multiplied by the weight of that portion. Values for the two portions from sham rat (the remnant equivalent and the remainder of the pancreas) were summed to obtain the value for each rat. For beta-cell proliferation, BrdU-labelled nuclei were counted at an original magnification of 400´. For each block, a minimum of 500 nuclei in the insulin-immunoreactive area were counted. The number of cells which were positive for both insulin and BrdU was determined and expressed as the percentage of BrdU labelling index for beta cells in the Px remnant or remnant equivalent pancreas, with extrapolation to the rate per 24 h. The mean cross-sectional area of beta cells stained by anti-insulin antibody was measured in 20 randomly selected islets per block, and beta-cell nuclei were counted within this area at an original magnification of 400´. The mean cross-sectional area of beta cells was then divided by the number of nuclei to obtain the individual beta-cell area. The images were calibrated using images of a stage micrometer taken at the appropriate magnifications. All observations were made by one person.
Presentation of data and statistics. All results are expressed as means ± SEM. The significance of differences was determined using one-way analysis of variance (ANOVA). Statistical calculations were performed using a commercial software package, StatView (Abacus Concepts/Brain Power Berkeley, Calif., USA). Differences were deemed to be significant when p was less than 0.05.
Results
Non-fasting blood glucose and body weight. Figure 1 shows changes in non-fasting blood glucose concentrations (Fig. 1A ) and body weights (Fig. 1B) in the various non-Ox groups during the experimental period. Non-fasting blood glucose concentrations in the Px OLETF rats began to increase on the second day, and remained at concentrations of about 10 mmol/l Values shown are for all surviving rats in each group, the number of which decreased with time as rats were killed from each subgroup at 7 and 28 days after surgery. Inset represents data for the non-fasting blood glucose using a magnified scale for the first 7 days after surgery of the x-axis. {p < 0.05, *p < 0.01 vs all other groups Fig. 2 . Effects of a 70 % Px and an early Ox with or without hormone replacement on non-fasting blood glucose (A) and body weight (B) in the Ox-Px (U±U), Ox-Px + estradiol (R±R), Ox-Px + testosterone (X±X) and Ox-sham (k±k) OLETF rats after Px. All data are expressed as means ± SEM. The protocol used and doses of estradiol and testosterone, as well as the animals used for data are the same as for Table 1. Inset represents data for the non-fasting blood glucose using a magnified scale for the first 7 days after surgery of the x-axis. *p < 0.05, **p < 0.01 vs all other rats; {p < 0.05 vs both Ox-Px + estradiol and Ox-sham (A) and vs Ox-Px + estradiol group (B); { { p < 0.05 vs both Ox-Px + testosterone and Oxsham rats (A) and p < 0.01 vs both Ox-Px and Ox-sham rats (B) within the first week after surgery. Subsequently, the blood glucose values gradually decreased and remained at the concentrations present in the sham rats. The body weight increase in the Px OLETF female rats was significantly slower in the first 2 weeks after surgery. In contrast to the OLETF rats, no hyperglycaemia and slow body weight gain were observed in the Px LETO female rats after surgery. Figure 2 shows the effects of early Ox and 70 % Px on blood glucose concentrations ( Fig. 2A ) and body weights (Fig. 2B) . In the Ox OLETF rats, a significant hyperglycaemia in each Px group was detected within the first week after surgery. It should be noted that the sustained hyperglycaemia in the testosterone replacement Px rats was dramatically higher than that in the other Px rats. A week later, the blood glucose concentrations in the Px rats decreased and, remained at the concentration of the sham counterparts for the remainder of the experiment, except for the testosterone replacement Px rats, in which the blood glucose values continued to be maintained at significantly higher concentrations than those of all other groups. Body weight (Fig. 2B) was significantly influenced by hormone replacement, showing that body weight gain was significantly slower in the estradiol replacement Px rats in the last 2 weeks of the experimental period, but were statistically faster for the testosterone replacement Px rats during the period of hormone administration.
Proliferation of beta-cells. BrdU-labelled beta cells in the remnant and remnant equivalent pancreas from the non-Ox rats are shown in Figure 3 . The mean labelling index (LI) for beta cells in the remnant of the Px LETO rats was 1.7-fold higher for the sham counterparts, but this significantly increased LI was not evident in the remnant from the Px OLETF at 7 days after surgery. The mean beta-cell LI in the Px OLETF rats was significantly lower than that in the Px LETO rats (1.80 ± 42 % per 24 h in the Px OLETF rats vs 3.39 ± 52 % per 24 h in the Px LETO, p < 0.01).
Tissue weight and beta-cell mass in remnant pancreas and fasting plasma IRI level. Tissue weight and betacell mass in the remnant pancreas, as well as plasma IRI concentration, as percentages of total values for whole pancreas, are shown in Figure 4 . Taking into account the influence of body weight, the remnant pancreatic weight, as a percentage of the whole pancreas was adjusted for a ratio of body weight from counterpart sham rats, if significant difference in body weight at the end of the experiment was evident between Px rats and their shams. The remnant equi-Beta cell labelling index (% per 24 h) Fig. 3 . Proliferation of beta-cells in the Px rats (R) and sham (A) rats at 7 days after surgery, as quantified by immunostaining the cells for incorporation of BrdU into newly synthesized DNA of beta cells. The values are means ± SEM. BrdU was injected intraperitoneally (100 mg/kg) 4 h before the rats were killed. The animals used for data were those used for data in Table 1 . *p < 0.01 (Fig. 4A ) from the non-Ox Px rats of both OLETF and LETO, as a percentage of the whole pancreatic weight, showed an apparent increased growth (36.5 ± 2.1 % and 32.6 ± 0.9 % in the Px OLETF vs 42.1 ± 2.3 % and 39.6 ± 4.7 % in the Px LETO at 7 days and 28 days after Px). However, such an increased growth of remnant pancreas in the Ox-Px OLETF rats was not evident, and remained at approximately 30 % of total pancreatic weight, except for the estradiol replacement Px rats, in which the remnant pancreas increased to 41 % of their sham counterparts. When the beta-cell mass (mg), as a product of the relative volume of beta-cell mass (%) and tissue weight, was calculated, a similar trend toward compensatory growth of beta-cell mass, as shown in Figure 4B , was found during the period of observation in the nonOx Px rats of both OLETF and LETO and also in the estradiol replacement Ox-Px OLETF rats. The fasting plasma IRI (Fig. 4C) , not only in the non-Ox Px rats, but also in the Ox-Px rats, in the fasting state, approached the values for their sham counterparts, over 80 % of the total IRI. It is noteworthy that hormone replacement caused a significant increase in plasma IRI levels (190 ± 16 % of total plasma IRI value for the shams in the estradiol replacement Px rats and 151 ± 9 % of total IRI total plasma IRI value in the testosterone replacement Px rats).
Morphometric configurations of the beta cells. The mean area of individual beta cells was significantly enlarged in the non-Ox Px OLETF rats at both days 7 and 28 after surgery, as compared with their sham counterparts ( Table 1) . The same tendency appeared in the Px LETO, but failed to reach a significant level. No significant difference in the ratio of beta-cell mass to islet mass (as a consequence of beta-cell degranulation, fibrosis and/or fewer beta cells) was noted between the non-Ox Px and sham counterparts of both OLETF and LETO rats. It was clear, however, that the estradiol replacement resulted in a significantly enlarged individual beta-cell area, as compared with their Ox-sham and other Ox-Px rats. Testosterone replacement led to a significantly decreased ratio of beta-cell mass to islet mass, compared with the estradiol replacement Px animals, whereas no significant change was observed in individual beta-cell area.
Discussion
These results suggest that the capacity for beta-cell proliferation after reduction in beta-cell mass was affected by both sex hormonal and genetic components, as evidenced by the finding that a 70 % Px led to a sustained hyperglycaemia within the first week after surgery in the non-Ox female OLETF rats, but that the hyperglycaemia was gradually ameliorated with increased growth of the beta-cell mass thereafter. However, no sustained hyperglycaemia occurred in the control LETO rats after Px. It has been suggested that beta cells, even in adults, have a far greater ability to respond to glucose stimulation with compensatory growth by enhanced replication and hypertrophy of individual cell than previously realized [11±14]. In our previous report, a 70 % Px results in persistent hyperglycaemia, which is associated with insufficient proliferation of beta cells in male OLETF rats, while no sustained hyperglycaemia occurred in the control Px LETO rats, because of a higher rate of beta-cell proliferation with a parallel increased insulin content [8] . This suggests that the pancreata from male OLETF rats become insufficient to compensate for an insulin resistance-induced [15] and hypertriglyceridaemia-mediated [16] increased demand for insulin. From the present study, ovarian hormones appear to play an important role in the homeostatic control of beta-cell mass, indicating that beta-cell mass in the remaining tissue increases to over 30 % of the value of the sham rats in the non-Ox Px OLETF rats within 28 days. In contrast, the results, in relation to Ox and Px, indicate that this compensatory increase in beta-cell mass was decreased by the Ox, but that the defect was, in part, reversed by ovarian hormone replacement. It has been suggested that reduction in beta-cell mass is a critical pathological feature of pancreatic islets in Type II diabetes, that this is associated with impaired glucose tolerance and that problems with potentiation are secondary to inadequate beta-cell mass [7] . Our study clearly shows that the amount of beta-cell mass in the pancreata from both non-Ox and Ox with estradiol replacement Px OLETF rats were regulated by ovarian hormones (a 1.7-fold increase at 28 days after Px in the former and a 2.3-fold increase in the latter, compared with their sham counterparts), and this increased betacell mass functioned similarly to the resected betacell mass found in partially pancreatectomized rats [14] . This may provide a reasonable explanation for why enhanced beta-cell mass is a factor related to the preventative effect of ovarian hormones in the development of diabetes mellitus in this model rat.
It is noteworthy that ovarian hormones resulted in a significant hypertrophy of individual beta cells after surgery. The data indicate that increased betacell mass might be attributed to increased individual beta-cell area (beta-cell hypertrophy) rather than the expansion of beta-cell population, since the mean LI for beta cells in the Px OLETF rats was significantly lower than that in the control LETO rats. The results of several studies have suggested that genetic background is of considerable importance in determining the proliferative response of beta cells to diabetogenic factors [17, 18] . Moreover, studies in normal and experimentally diabetic rats have shown that ovarian hormones possess the ability to increase beta-cell proliferation [19] . In fact, beta-cell hypertrophy accounted for much of the increased betacell mass, but an increase in the mitotic activity of beta cells early after surgery is not trivial and certainly is a significant component, since it would determine the function of latter remnant pancreas [9, 20] . We also found that the Px-OLETF female rats had a higher BrdU-LI for beta cells (1.8 %/24 h) on day 7 after surgery than the male counterparts (0.4 %/ 24 h) [8] , suggesting that basal beta-cell proliferation would be higher in females in this rat strain. However, the fact that the poor capacity for the expansion of beta-cell population to respond to the changes in functional demand caused by a 70 % Px is clearly a genetic predisposition in this model rat. Since the results regarding BrdU-LI for beta cells in our previous report [8] suggests that the crucial period for expansion of the beta-cell population in this model rat is limited to the first 7 days after surgery, we only chose the 7th day after Px to test BrdU-LI for beta cells in this study. In integrating the findings of the present study into one hypothesis, we conclude that ovarian hormone-induced beta-cell hypertrophy may typically occur rather than expansion of beta-cell population to compensate for the burden on beta cells of the remnant pancreas in the Px female OLETF rats, whereas an increase in both BrdU-LI for beta cells and beta-cell hypertrophy early after surgery may be a critical component in the Px LETO rats.
Recently, several lines of evidence have been reported which show that pancreatic transcription factor, PDX-1/IPF-1/STF-1/IDX-1, plays an essential role in the progression of beta-cell proliferation [21, 22] . The evidence for an increased IDX-1(PDX-1/ IPF-1/STF-1) expression in the remnant pancreas during the first week after Px [23] , and insulin-positive duct epithelial cells and some non-hormone cells which are strongly positive for PDX-1 in beta-cell regeneration model [24] , suggest that it is likely that the expansion of beta-cell population, which occurs soon after Px can be attributed to the amount of some transcription factor and its expression pattern. Our unpublished data showed that PDX-1 expression in the islets from 8 week old male OLETF rats was significantly lower than that from the LETO counterparts. However, the issue of whether PDX-1/IPF-1/STF-1/ IDX-1 expression is regulated by ovarian hormones is not known. Regardless of the mechanisms of betacell proliferation responsible for ovarian hormones, reduced beta-cell apoptosis or cell loss may contribute to beta-cell mass homeostasis, a complex balance process of cell renewal and cell death. It has been reported that ovarian hormones prevent apoptosis in a rat endometrial cell line [25] , but our knowledge of whether similar mechanisms by which ovarian hormones control cell death in pancreatic cells is minimal.
It has been reported that both Ox and testosterone replacement produce excessive body weight and insulin resistance in female OLETF rats [3] . It thus seems reasonable to suggest that the increase in plasma insulin concentration may represent a compensatory effort on the remnant pancreas for overcoming the loss of normal insulin sensitivity, and that the increasing demand for insulin may require the beta cells to secrete more insulin. This increased demand, in combination with a defect in beta-cell proliferation in the model rats used in this study, eventually may lead to beta-cell ªexhaustionº, evidenced by reduced beta-cell mass with a decreased ratio of beta-cell mass to islet mass (as a result of beta-cell degranulation and fibrous islets), but this process is inhibited by ovarian hormones, since increased plasma IRI levels were accompanied by a parallel increase in beta-cell mass in various nonOx Px and Ox with estradiol replacement Px rats.
In conclusion, ovarian hormones led to a beneficial effect on pancreatic beta cells per se in OLETF female rats. This was reflected by an increased growth in the pancreas accompanied by an increased beta-cell mass. The increased beta-cell mass, however, contributed to ovarian hormone-induced betacell hypertrophy rather than an increase in beta-cell population. The findings of the present study suggest that ovarian hormone-induced beta-cell hypertrophy, rather than beta-cell hyperplasia, may typically occur to compensate for the changes in functional demand caused by a 70 % pancreatectomy in female OLETF rats.
